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• Emission lines: J=1-0 → 617.5 GHz,   J=2-1 → 1234.6 GHz.  Bad atmospheric 
transmission, even for ALMA
• As an alternative, after the end of the Herschel mission, future  observations 
may be carried out in the infrared.
Science, 2013, 342, 1343 
Motivation:
Astronomy & Astrophysics, 2014, 566, A29
• 36ArH+ was detected in absorption (J=1-0, 617.5 GHz) in the diffuse gas 
toward many strong continuum sources (star forming regions)
• The corresponding 38ArH+ line was also detected
• Observations and chemical models of diffuse cloud chemistry indicate that
ArH+ is a unique tracer of gas with a H2 fraction 2[H2]/[H] ≈ 10-3-10-4
• “ArH+ is the molecule that paradoxically abhors molecular clouds”
Spectroscopy, antecedents
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Bowman et al  J=1‐0 40ArD+, 38ArD+ 36ArD+ Sub‐mm JCP 79, 2096 (1983) 
Liu, Ho, Oka  J=20‐25, v=1‐4 40ArH+ Diode laser JCP 87, 2442 (1987) 
Laughlin et al  J=1‐0J=2‐1 
40ArH+
40ArD+  FIR  PRL 58, 996 (1987) 
Brown et al  J=2‐1 to J=7‐6 40ArH+ TuFIR JMS 128, 587 (1988) 
Odashima et al  J=3‐2 to J=15‐14 40ArD+ TuFIR JMS 195, 356 (1999) 
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Brault & Davis  v=1‐0 to v=5‐4 40ArH+ FTS PhyScr 25, 268 (1982) 
Johns  v=6‐5 to v=7‐6         v=1‐0 to v=3‐2 
40ArH+,
40ArD+  FTS  JMS 106, 124 (1984) 
Haese & Oka  P(2), P(3) v=1‐0 36ArH+, Diode laser Unpublished 
Filgueira & Blom  R(1)‐R(3), P(4) v=1‐0P(3),P(4)  v=1‐0 
36ArH+,
38ArH+  Diode laser  JMS 127, 279 (1988) 
This work  P(6) to R(7)  v=1‐0R(0) to R(4)  v=1‐0 
36ArH+,
38ArH+ 
Difference‐
frequency  APJL 783, L5 (2014) 
• Earth: 40Ar 99.600%, 36Ar 0.337%, 38Ar 0.063%
• Solar and interstellar ≈ 36Ar 84,6%, 38Ar 0.15.4 %, 40Ar 0.025%, 
Previous spectroscopic work:
• Rather good predictions can be made both in rotation and vibration-
rotation (CDMS, MADEX, …)  
Difference-frequency laser IR spectrometer
IR power ~ 5 W; spectral purity ~ 1:108 (2 MHz)
accuracy~ 3 MHz (1); tuneability 2.2-4.2 µm. 
F1= 23.19 kHz; F2=3.09 kHz; F3=F1+F2= 26.28 kHz
940 
Multipass hollow cathode discharge cell
White cell  22 m optical 
path with water cooled 
copper cathode 
P=40 Pa (0.4 mbar)
Discharge: 250 Vrms, 375 
mA
Feed gas = Ar (no H2)
(Adding H2 decreases  the 
ArH+ signals)
During operation, H2 (~ 0.2 Pa) is released from the cathode
Experimental measurements
• S/N ~1100 in R(6) 40ArH+
• From the line width:  Tkin ≈ 380-400 K ≈ Trot
• From the ratio of intensities  in v=1-0 and v=2-1, Tvib ≈ 580 K
• From the line strength: n [40ArH+] ≈ 4×1010 cm-3
Results
The new measurements improve the  
Dunham-type fit to all published data
36ArH+
Up to 200 avgs
R(0) R(3)
38ArH+
Up to 800 
avgs
R(0) R(2)
Ion kinetics in Ar/H2 plasmas: antecedents
Basic data
• Basic kinetic processes (electron impact, ion-molecule chemistry) 
studied for decades. Compilations of cross sections and rate
coefficients available , e. g: Albritton, ANDT 1978;  Phelps JPCRD 
1991, 1992; Anicich JPCRD 1993, 2003; Rejoub et al. PR-A, 2002; 
Yoon et al. JPCRD, 2008
• Sometimes discrepancies found
Ion distributions: models
• Model calculations without a direct comparison to experimental 
distributions were reported by  Bogaerts and coworkers (2000-
2008), Kimura and Kasugai, JAP, 2010, Hjartarson et al. PSST, 2010
• Predicted main ions: Ar+, H3+ and ArH+
Ion distributions : Measurements and model simulation
• Sode et al. (JAP 2013) IC RF discharge , 1 Pa , variable Ar/H2 ratio
• ArH+ predominant over a wide range of Ar/H2 ratios. Model
underestimates ArH+ and overestimates H3+
Plasma reactor
Tanarro et al., J.Phys.Chem.A 111, 9003 (2007) 
Méndez et al, Phys.Chem.Chem.Phys., 12, 4239 (2010)
 Hollow Cathode reactor 
(10 cm Φ  30 cm length)
 Gases:  H2/(H2+ Ar ),0-100 %
 P=1.5 Pa (n ~ 3.6×1014 cm-3)
 P=8 Pa  (n ~ 2×1015 cm-3)
 T~ 300 K
 Residence time  1 s
 Discharge: 150 mA,  350 V 

Kinetic Model
• Gas-phase 
• Electron impact dissociation and ionization
• Ion-molecule reactions 
• Surface 
• Wall neutralization of ions 
• Wall recombination of atoms
Processes considered
• Homogeneous glow region
• Measured electron temperatures (Te) and densities (Ne) 
used as input parameters
• Excited states and negative ions not considered
Simplifying assumptions
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Ion distributions
• Six ions are detected with very
different relative concentrations
• The model works better for the
1.5 Pa discharge and 
underestimates minor ions
• Most of the positive charge is
concentrated in just three ions: 
Ar+, ArH+ and H3+
• Increasing the pressure leads 
to drastic changes
Experiment
Model
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Kinetic model: rate coefficients
Anicich 1993, from
Bowers & Elleman JCP 1969
[H3+]*+Ar→ArH++H2
Albritton 1978, from
Roche et al. JCP 1971
H3++Ar→ArH++H2
Recomeded values
Anicich JPCRD 1993, 2003
• The rate of direct ionization increases sharply with growing Te
• The reaction  H3++Ar→ArH++H2 is endoergic (ΔH ≈ 0.55 eV). 
Its rate depends on the internal excitation of H3+
• H3+ can be produced  with a high degree of internal excitation, but its 
collisional relaxation may be very efficient
(eV)
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Ion distributions: Experiments vs model
P= 1.5 Pa
Te~ 3eV
P= 8 Pa, 
Te~ 2eV H3++Ar→ArH++H2
Lk=1.0×10-11 cm3s-1
Albritton 1978
Roche et al. JCP 1971
H3++Ar→ArH++H2
Hk=3.65×10-10 cm3s-1
Anicich
Bowers & Elleman JCP 1969
[H3+]*+Ar→ArH++H2
ArH+ in Ar/H2 plasmas
ArH+ Formation
1) e+ Ar→ Ar++ 2e
2) Ar+ + H2→ArH++H
ArH+ Destruction
ArH++H2 H3++ Ar
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Summary and Conclusions
• We have provided direct accurate wavenumbers for 19 vibration-
rotation lines of 36ArH+ and 38ArH+ (only 8 (6) had been
reported before, with much less accuracy). The coefficents of the
Dunham-type fit to all available rotational and vib-rotational data 
are improved.
• 36ArH+ should be detectable at T<100 K against bright IR 
sources as an IR absorption for column densities 1012-1013 cm-2. 
Or in emission if Tkin> 1000 K  (like possibly in the knots of the
Crab nebula)
• The amount of ArH+ in Ar/H2 plasmas is largely determined by a 
balance between the ionization rate of Ar ionization and the
equilibrium system: ArH++H2 H3++ Ar. This equilibrium is
very sensitive to the internal excitation of H3+
• Further experimental and theoretical studies on the state
resolved dynamics of the production, destruction, excitation and 
relaxation of ArH+ and H3+ are needed
